Triterpenes isolated from Ganoderma lucidum could inhibit the growth of numerous cancer cell lines and were thought to be the basis of the anticancer effects of G. lucidum. 
Ganoderma lucidum is a medicinal mushroom known to the Chinese as "Lingzhi." It has been used as a home remedy in traditional Chinese medicine (TCM) 1 for over 2000 years (1) . In TCM, it was believed to preserve the human vitality and to promote longevity. More recently, it has been used for the prevention or treatment of a variety of diseases including cancer. And in Western countries, the dried powder of G. lucidum is also popularly used as a dietary supplement (2) .
Among the reported biological/pharmacological properties of G. lucidum, their antitumor activities are of particular interest. Investigations into the anticancer activity of G. lucidum have been performed in both in vitro and in vivo studies, supporting its application for cancer treatment and prevention (for reviews, see Refs. 3 and 4). Polysaccharides and triterpenes are two major categories of the bioactive ingredients from G. lucidum, and it has been found previously that polysaccharides exert their anticancer effect mainly via an immune-modulatory mechanism, whereas triterpenes directly suppress growth and invasive behavior of cancer cells (5) . Triterpenes were reported to be able to inhibit growth, induce apoptosis, and cause cell cycle arrest of cancer cells (6 -9) . However, the cytotoxicity mechanism of Ganoderma triterpenes is still far from clear. In the present study, ganoderic acid D (GAD), a main component of Ganoderma triterpenes, with purity greater than 99% was used. We checked the GADmediated response on the proliferation of HeLa human cervical carcinoma cells. Then for a comprehensive analysis of the molecular targets of GAD, a proteomics approach was used for identifying proteins altered in steady-state levels after exposure of HeLa cells to GAD for 48 h. 2-DE was conducted, and then differentially expressed proteins were identified by MALDI-TOF MS/MS and further confirmed by Western blot analysis. Moreover a computational program, INVDOCK, was applied to verify the possible direct targets of GAD. The predicted binding between GAD and 14-3-3 was then confirmed by using surface plasmon resonance (SPR) biosensor analysis. And finally a comprehensive network analysis was conducted to mine the functional association between the experimentally defined proteins.
EXPERIMENTAL PROCEDURES

Chemicals
GAD was isolated and purified from G. lucidum by the laboratory of TCM chemistry, Shanghai Research Center for Modernization of Traditional Chinese Medicine, Shanghai Institute of Materia Medica, Chinese Academy of Sciences as reported before (10) . The structure of GAD (including the chemical structure and 3-D structure) is shown in Fig. 1 . GAD was identified by spectral analyses, primarily NMR and MS, and comparison with previous literature (11) . After identification, it was further purified by HPLC to yield authorized compound with a purity of at least 99%. The result of spectral analyses and HPLC analysis of GAD is shown in supplemental Figs. 1-4. All reagents used in 2-DE were purchased from Bio-Rad. Other chemicals, except where specially noted, were purchased from Sigma-Aldrich.
Cell Culture
The HeLa human cervical carcinoma cell line (CCL-2) was obtained from the American Type Culture Collection (Manassas, VA), and cells were cultured in minimum essential medium (Invitrogen) with 2 mM L-glutamine, 1.5 g/liter sodium bicarbonate, 0.1 mM non-essential amino acids, 1.0 mM sodium pyruvate, and 10% fetal bovine serum. Antibiotics added were 100 units/ml penicillin and 100 g/ml streptomycin (Invitrogen).
Cytotoxicity Assay
The cytotoxicity of GAD was determined by a calorimetric tetrazolium (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)) assay as reported before (12) . Briefly cells were plated in 96-well flat bottomed plates at a density of 1 ϫ 10 3 cells/well in complete medium and incubated overnight. Then the media were changed into fresh media containing various amounts of GAD for 24, 48 , or 72 h. At the end of the incubation, 20 l of the dye MTT (5 mg/ml) was added to each well, and the plates were incubated for 3 h at 37°C. Then 100 l of lysis buffer (20% SDS in 50% N,N-dimethylformamide containing 0.5% (v/v) 80% acetic acid and 0.4% (v/v) 1 N HCl) was added to each well and incubated overnight (16 h ). Cell viability was evaluated by measuring the mitochondria-dependent conversion of the yellow tetrazolium salt MTT to purple formazan crystals by metabolic active cells. The optical density (proportional to the number of live cells) was assessed with a Bio-Rad 550 microplate reader at 570 nm. Each experiment was performed in triplicate. Results of three independent experiments were used for statistical analysis. IC 50 value (half-maximal inhibitory concentration) was calculated by the Logit method.
Flow Cytometric Analysis of Cell Cycle
Flow cytometric analysis of cell cycle was conducted as reported before (13) . Briefly adherent and detached cells were harvested with trypsin, washed with PBS three times, and then fixed in ice-cold 70% ethanol at 4°C for 2 h. After centrifugation at 100 ϫ g for 2 min, cells were resuspended in propidium iodide stain buffer (0.1% Triton X-100, 10 g/ml DNase-free RNase A, and 50 g/ml propidium iodide in PBS) for 30 min in the dark. Flow cytometric analysis was conducted using a BD Biosciences FACStar Plus flow cytometer.
Imaging of Morphological Changes of GAD-treated Cells
To detect morphological changes in the apoptotic process, nuclear staining was performed as reported before (13) . Briefly after treatment with GAD (10 or 50 M) for 48 h, cells were washed with PBS, and then fixed with 4% paraformaldehyde (pH 7.4) for 30 min at room temperature. After PBS washes, cells were stained with a 0.5 mg/ml solution of 4,6-diamido-2-phenylindole hydrochloride in PBS for 10 min at room temperature. The cells were washed twice with PBS and photographed using an Olympus UV light fluorescence microscope.
DNA Fragmentation Assay (DNA Ladder)
The integrity of the genomic DNA of the cells was assessed by agarose gel electrophoresis. Briefly after treatment with GAD (10 or 50 M) for 48 h, cells were washed with PBS and then collected by scraping. The cell genomic DNA was extracted using DNAzol (Invitrogen) and then loaded on 2% agarose gels for electrophoresis. The gels were stained with ethidium bromide (0.5 mg/l) and photographed under UV illumination.
2-DE Analysis
Sample Preparation-For sample preparation, cells were cultured in 75-cm 2 flasks at a density of 2 ϫ 10 5 cells/flask. Cells at 70% confluency were incubated for 48 h with medium containing 0.1% DMSO (solvent control) or in addition with 10 M GAD. Subsequently cells were washed three times with ice-cold PBS and then scraped off with a cell scraper. Cells of two flasks were combined and subsequently centrifuged for 10 min at 2500 ϫ g. The supernatant was discarded, and cell pellets were dissolved in 200 l of lysis buffer containing 7 M urea, 2 M thiourea, 2% CHAPS, 1% DTT, 0.8% Pharmalyte, and protease inhibitor (all from Bio-Rad). Homogenization of the cells was achieved by ultrasonication (10 strokes, low amplitude) on ice. The lysed cells were centrifuged at 15,000 ϫ g for 30 min at 4°C, and the supernatant containing the solubilized proteins was used directly or stored at Ϫ80°C. Protein samples from at least three independent experiments were collected for 2-DE assay.
2-DE-2-DE was carried out similarly to that described by Roberts et al. (14) using a Bio-Rad 2-DE system following the Bio-Rad handbook (15) . Briefly a 150-g protein sample was applied for IEF using the ReadyStrip IPG strips (17 cm, pH 4 -7; Bio-Rad). The strips were placed into a Protean IEF cell (Bio-Rad) and were rehydrated at 50 V for 12 h, and then the proteins were separated based on their pI according to the following protocol: 250 V with linear climb for 30 min, 1000 V with rapid climb for 60 min, 10,000 V with linear climb for 5 h, and 10,000 V with rapid climb until 60,000 V-h was reached. After IEF, the IPG strips were equilibrated for 15 min in a buffer containing 50 mM Tris-HCl, pH 8.8, 30% glycerol, 7 M urea, 2% SDS, and 1% DTT followed by further treatment in a similar buffer (but containing 4% iodoacetamide instead of DTT) for 15 min and then directly applied onto 12% homogeneous SDS-PAGE gels for electrophoresis using a Protean II xi cell system (Bio-Rad). Furthermore two kinds of electrophoresis conditions, which were suitable for the separation of proteins with higher molecular weight (10 mA/gel for 30 min followed by 30 mA/gel for 5.5 h) and for the separation of proteins with lower molecular weight (10 mA/gel for 30 min followed by 20 mA/gel for 8 h), respectively, were both used. The gels were then silver-stained using Bio-Rad Silver Stain Plus kit reagents (Bio-Rad) according to the manufacturer's instructions.
Image Analysis and MALDI-TOF MS/MS
The silver-stained gels were scanned using a GS-800 densitometer (Bio-Rad) and then analyzed using PDQuest software (Bio-Rad). Paired (control and GAD-treated) protein samples from three independent experiments were analyzed by 2-DE. And for each pair of protein samples, triplicate electrophoreses were performed to ensure reproducibility. Comparisons were made between gel images of protein profiles obtained from the GAD-treated group and control group. The individual protein spot quantity was normalized as follows: the raw quantity of each spot in a member gel was divided by the total quantity of the valid spots in the gel, and normalized spot intensities were expressed in ppm. Quantitative analysis was performed using the Student's t test between protein gels from the control and GADtreated group. The significantly differentially expressed protein spots (p Ͻ 0.05) with 2-fold or more increased or decreased intensity between the control and GAD-treated group were selected and subjected to further identification by MALDI-TOF MS/MS.
Proteins of interest were excised from the gels with an EXQuest spot cutter (Bio-Rad) and placed into a 96-well microtiter plate. MS analysis was performed at the Institutes of Biomedical Sciences, Fudan University, Shanghai, China (16) . Briefly gel pieces were destained with a solution of 15 mM potassium ferricyanide and 50 mM sodium thiosulfate (1:1) for 2 min at room temperature. Then the gel pieces were washed twice with deionized water and shrunk by dehydration in ACN. The samples were then swollen in a digestion buffer containing 25 mM ammonium bicarbonate and 12.5 ng/l trypsin at 4°C. After 30-min incubation, the gels were digested for more than 12 h at 37°C. Peptides were then extracted twice using 0.1% TFA in 50% ACN. The extracts were dried under the protection of N 2 . For MALDI-TOF MS/MS, peptides were mixed with 0.7 l of MALDI matrix (5 mg/ml ␣-cyano-4-hydroxycinnamic acid diluted in 0.1% TFA and 50% ACN) and spotted onto the 192-well stainless steel MALDI target plates. MS measurements were carried out on an ABI 4700 Proteomics Analyzer with delayed ion extraction (Applied Biosystems). PMFs and peptide sequence spectra were obtained using the settings presented in supplemental Tables 1 and 2 . The first five precursor ions with highest intensity were selected for fragmentation. The accelerated voltage was operated at 20 kV, and the positive ion mass spectra were recorded. MS accuracy was internally calibrated with trypsin-digested peptides of horse myoglobin. Using the individual PMF spectra, peptides exceeding a signal-to-noise ratio of 20 that passed through a mass exclusion filter (supplemental Table 3 ) were submitted to fragmentation analysis. MS/MS accuracy was calibrated against the MS/MS fragments of m/z 1606.85, which is one of the peaks generated in myoglobin PMF. The parameters for peak matching were: minimum signal-to-noise ratio was 20, mass tolerance was 0.2 Da, minimum peaks to match reference masses was 4, and maximum outlier error was set to 100 ppm. The number of total shots for each PMF spectrum was 2000, whereas for MS/MS the total number of shots was 3000. All PMF and MS/MS peak list data were generated by GPS Explorer software 3.6 with parameter settings as summarized in supplemental Table 4 . Data search files were generated according to the settings presented in supplemental Table 5 and submitted for protein homology identification by using the MASCOT 2.1 search engine (Matrix Science) against the Homo sapiens (human, 138,060 sequences) subset of the sequences in the National Center for Biotechnology non-redundant (NCBInr) database (updated on March 17, 2007 with 4,736,044 sequences; 1,634,373,987 residues). Peptide differential modifications allowed during the search were carbamidomethylation of cysteines and oxidation of methionines. The maximum number of missed cleavages was set to 1 with trypsin as the protease. Protein homology identifications of the top hit (first rank) with a relative score exceeding 95% probability and additional hits (second rank or more) with a relative score exceeding 98% probability threshold were retained. The probability-based score, assuming that the observed match is significant (p Ͻ 0.05), had to be more than 64 when submitting PMF data to the database and be more than 30 for individual peptide ions when submitting peptide sequence spectra. Proteins belonging to a protein family with multiple members were singled out based on the identification of unique and diagnostic peptides.
Western Blotting Analysis
As reported before (12), cells were washed three times with cold TBS, harvested using a cell scraper, and lysed in 10 volume of cold lysis buffer (50 mM Tris-HCl, pH 7.2, 250 mM NaCl, 0.1% Nonidet P-40, 2 mM EDTA, 10% glycerol, 1 mM PMSF, 5 g/ml aprotinin, and 5 g/ml leupeptin) on ice. Lysates were centrifuged, and then the supernatant protein was denatured by mixing with an equal volume of 2ϫ sample loading buffer and then boiling at 100°C for 5 min. An aliquot (containing 50 g protein) of the supernatant was loaded onto a 12% SDS gel, separated electrophoretically, and transferred to a PVDF membrane (Bio-Rad). After the PVDF membrane was incubated with 10 mM TBS with 1.0% Tween 20 and 10% dehydrated skim milk to block nonspecific protein binding, the membrane was incubated with primary antibodies overnight at 4°C. The primary antibodies used were mouse anti-eIF-5A monoclonal antibody (1:1000; BD Biosciences), rabbit anti-14-3-3E polyclonal antibody (1:1000; Abgent, San Diego, CA), rabbit anti-PRDX3 polyclonal antibody (1:1000; Proteintech Group, Chicago, IL), mouse anti-EB1 monoclonal antibody (1:500; BD Biosciences), and mouse anti-actin monoclonal antibody (1:2000; Sigma). Blots were then incubated with horseradish peroxidase-conjugated goat anti-mouse IgG (Sigma) or horseradish peroxidase-conjugated goat anti-rabbit IgG (Sigma) for 1 h at room temperature at a 1:5000 dilution and then visualized using chemiluminescence (Pierce).
Statistical Analysis
Significances of difference between groups were determined by a non-paired Student's t test. For each variable three independent experiments were carried out. Data are given as the mean Ϯ S.D.
Identification of Potential Protein Targets for GAD
To verify the proteins related to possible GAD targets derived from the experimental results, a flexible ligand-protein inverse docking program, INVDOCK, was adopted that can predict proteins directly binding with a small molecule through an automatic search of every entry in a protein cavity database (17) . To save the computing time, a subset of the cavity database was derived from the 3-D structures of all the experimentally derived proteins beforehand. And this small dataset, instead of the huge cavity database derived from all Protein Data Bank entries, was used to run INVDOCK. Those proteins containing the cavities hit by the GAD molecule were predicted as possible protein targets of GAD.
SPR Biosensor Analysis
The binding affinity of GAD to 14-3-3 in vitro was assayed by the Drug Discovery and Design Center, Shanghai Institute of Materia Medica, Chinese Academy of Sciences using an SPR-based Biacore 3000 instrument (Biacore AB, Uppsala, Sweden) as reported before (18, 19) . Human recombinant GST-14-3-3 protein expressed in Escherichia coli (molecular mass, 55 kDa; pI 5.36 in PBS) with a purity of more than 90% was bought from Calbiochem. The manufacturer indicated that it could be used in in vitro binding assays. Human recombinant GST expressed in E. coli (molecular mass, 27 kDa; pI 8.91 in PBS) was a gift from Prof. Jia Li (Shanghai Institute of Materia Medica, Chinese Academy of Sciences) and used as control in the SPR analysis. Both the GST-14-3-3 and GST protein were dissolved in coupling buffer (15 g/ml, in 10 mM sodium acetate, pH 4.36) and immobilized onto the same sensor chip but on different flow cells. The GST-14-3-3 and GST protein were immobilized on a CM5 sensor chip as ligand in 8000 response units (RU) with N-ethyl-NЈ-(3-dimethylaminopropyl) carbodiimide and N-hydroxysuccinimide according to the standard primary amine-coupling procedures, and HBS-EP (10 mM HEPES, 150 mM NaCl, 3 mM EDTA, and 0.005% (v/v) surfactant P20, pH 7.4) was used as the running buffer. Equilibration of the base line was performed by a continuous flow of HBS-EP through the chip surface for 1-2 h. Biacore data were collected at 25°C with HBS-EP as the running buffer at a constant flow of 30 l/min. GAD was serially diluted into the running buffer to a final DMSO concentration of 0.5%. The samples were injected into the channels at a flow rate of 30 l/min followed by washing with the running buffer. The binding responses were recorded continuously in RU at a frequency of 1 Hz as sensorgrams and presented as a function of time. The association (k on ) and dissociation (k off ) rate constants and the equilibrium dissociation constant (K D ϭ k off /k on ) were determined by analysis of the sensorgram curves obtained at different concentrations of GAD by use of BIA evaluation software version 3.1 (Biacore) and the 1:1 Langmuir binding fitting model. The curve fitting efficiency was evaluated by statistical parameter 2 .
Network Construction and Simplification for Protein Association
Various on-line databases containing experimental information of protein interactions and associations have been set up with the development of high throughput proteomics technology (20) . A PPI network was mapped among those experimentally derived proteins based on the collective information retrieved through exhaustive search from these resources. The direct partners interacting with our experimental proteins were further used as a new query seed to fish out another round of partner proteins. Through this way, the network was expanded step by step until the proteins of interest could be included into the network. Then for better clarification, the network was simplified to a minimum network containing experimentally derived proteins through the Steiner minimal tree algorithm (21) .
RESULTS
Cytotoxic Effects by GAD Treatment in Carcinoma
Cells-As shown in Fig. 2A , after treatment of the cells with increasing concentrations (1, 5, 10, 20 , and 50 M) of GAD for 24, 48, and 72 h, the cell survival rate of cells was reduced in a dose-and time-dependent manner. The IC 50 value of GAD was 17.3 Ϯ. 0.3 M for 48-h treatment. Furthermore as shown in Fig. 2B , the representative DNA histograms of HeLa cells exposed to GAD showed that GAD at 10 and 50 M both induced G 2 /M phase arrest and apoptosis. For example, cells treated with 10 M GAD displayed a cell cycle profile with an elevated G 2 /M cell population after 24-h treatment (16.7 and 28.8% for control and GAD-treated, respectively). At this time, the apoptosis rates of cells were 0.7 and 7.9% for control and 10 M GAD-treated, respectively. This indicated that some cells were arrested in G 2 /M phase with no significant change in cell viability (about 90%, as shown in Fig. 2A ). After 48 h treatment, the G 2 /M cell population was 0.30% in the 10 M GAD-treated group and 18.2% in the control group. At the same time, the apoptosis rate was 17.7% in the 10 M GADtreated group and 3.8% in the control group. The possible reason for this is that the cells blocked in G 2 /M phase underwent apoptosis and eventually died after extended culture without progressing to mitosis. And the total cell viability also markedly decreased (about 69%, as shown in Fig. 2A could be characterized by nuclear fragmentation and chromatin condensation. As shown in Fig. 2C , treatment with 10 M GAD or 50 M GAD for 48 h induced a morphological change typical of apoptosis in HeLa cells. The result of the DNA ladder assay (Fig. 2D ) indicated that treatment with 50 M GAD for 48 h induced typical apoptosis-related DNA fragmentation (ladder) in HeLa cell genomic DNA.
2-DE of Control and GAD-treated HeLa Cells-To further investigate the mechanism of cell toxicity induced by GAD, protein profiles of control and GAD-treated cells were studied by comparative proteomics analysis. Representative two-dimensional gel images of control and GAD-treated cells are shown in Fig. 3A . To identify more protein spots, two kinds of electrophoresis conditions were used. Panels a and b are the gel images with better separation of higher molecular weight proteins, whereas panels c and d are the gel images with better separation of lower molecular weight proteins. Each gel resolved up to 700 protein spots. The proteome maps of control and GAD-treated cells were compared with PDQuest software to identify the protein spot variations. After GAD treatment, significantly differentially expressed protein spots (p Ͻ 0.05) with 2-fold or more increased or decreased intensity as observed in all nine replicate gels were scored. Seven down-regulated protein spots and 14 up-regulated protein spots were found as indicated by the spots marked with arrows in Fig. 3A and by the expanded plots in Fig. 3B . Table  I shows the average intensity values and their standard deviations of the spots, the statistical assay results, and the -fold differences between the control and GAD-treated group. The -fold difference is represented by the ratio of the intensity value of the GAD-treated group to the value of the control group.
Identification of the Differentially Expressed Proteins-After analyzing the two-dimensional gels, peptides were extracted from each differentially expressed protein spot by in-gel tryptic digestion, and proteins were identified using MS/MS. The results of MS/MS analysis are summarized in Table II . The protein score, coverage, number of identified peptides, and best ion score of each spot are also shown in Table II . The result of MALDI-TOF MS/MS analysis of spot 9 is shown in Fig. 4 as an example.
Confirmation of Differentially Expressed Proteins by Western Blotting-Western blotting was used to assess the expression of eukaryotic translation initiation factor 5A (eIF5A), 14-3-3E, thioredoxin-dependent peroxide reductase mitochondrial precursor (PRDX3), and microtubule-associated protein RP/EB family member 1 (EB1) in control and GADtreated HeLa cells. Consistent with the proteomics results, eIF5A and EB1 were found to be down-regulated whereas 14-3-3E and PRDX3 were found to be up-regulated in GADtreated HeLa cells (Fig. 5) . energy values of binding between GAD and the eight proteins are listed in Table III . Interestingly six of them (14-3-3 /␦, 14-3-3 ␤/␣, 14-3-3 , 14-3-3 , 14-3-3 ␥, and 14-3-3 ) belong to the same 14-3-3 family. The other two binding proteins are annexin A5 and aminopeptidase B. The conformation of the GAD molecule binding with 14-3-3 (Protein Data Bank code 1qja) is shown in Fig. 6 as an illustration. In fact, GAD was predicted to accept three cavities in 14-3-3 proteins theoret- ically, including the cavity between the homodimers and the two symmetrical phosphopeptide binding sites in the two monomers. But INVDOCK does not compare and choose which cavity is the best to accommodate a chemical molecule among several putative cavities in a protein structure. In reality, there is the possibility for the GAD molecule to choose only one type of cavity to attach. According to a previous report (22) , the phosphopeptide binding sites of binding sites of proteins belong to 14-3-3 family are the common sites that could be occupied by client proteins. So in Fig. 6 , only the docking model of GAD with the phosphopeptide binding sites in the two monomers is shown.
Identification of Potential Protein Targets for GAD-Among
The Binding Affinity of GAD Toward 14-3-3 Estimated by SPR Biosensor Analysis-To verify the prediction from IN-
VDOCK analysis that GAD could bind directly to 14-3-3 proteins, the binding affinity of GAD toward 14-3-3 was determined by using SPR biosensor technology. The binding ability of GAD toward 14-3-3 was reflected by RU values recorded directly by the Biacore 3000 instrument. As shown in Fig. 7A , RU increased with increasing GAD concentration, indicating that GAD was able to bind to 14-3-3 in a dose-dependent manner. The association (k on ), dissociation (k off) , and equilibrium dissociation (K D ) constants of GAD binding to the immobilized GST-14-3-3 were (5.02 Ϯ 0. 24 , a statistical parameter in the SPR assay. The 2 value was calculated to be 0.32. In a control study, GAD was injected over the immobilization GST surface, and the result exhibited weak nonspecific binding affinity as shown in Fig. 7B 5. Western blotting of eIF5A, 14-3-3E, PRDX3 , and EB1."Control" and "GAD-treated" above the panel represent the control cells and HeLa cells treated with 10 M GAD for 48 h, respectively. Each blot is the representative result of three independent experiments. negatively charged GAD and positively charged GST protein with pI 8.91 in SPR running buffer at pH 7.4. For GST-14-3-3 protein, the situation might be different because its pI was 5.36. Furthermore at the same concentration, binding between GAD and GST-14-3-3 showed higher RU values than that of GAD and GST (Fig. 7) . The results indicated that, although there might be nonspecific binding between GAD and GST-14-3-3 , GAD had specific binding affinity toward 14-3-3 .
Protein Association Network among the Identified 21 Proteins-Among the 21 proteins, 14 of them can link together into one network through direct interaction or only one intermediate partner at the PPI level as shown in Fig. 8A . When this network is expanded one step further, 20 proteins can fall into one large network that suggests the inherent correlation among all of them. According to database searching, the spermidine synthase protein could not be covered automatically in the network. However, according to the published research studies, it is well known that the product of spermidine synthase, spermidine, is indispensable to the synthesis of eIF5A protein (23) . By adding this association manually, the minimum protein-protein interaction network among all 21 proteins presents a picture as shown in Fig. 8B . The full names of the intermediate partners in the network are shown in Table IV. DISCUSSION G. lucidum (Lingzhi) is a popular Asian mushroom that has been used for more than 2 millennia for the general promotion of health and was therefore called the "mushroom of immortality." Recently the dried powder of G. lucidum was recommended as a complementary cancer therapy agent in traditional Chinese medicine. This investigation found that GAD, one of the major components in Ganoderma triterpenes, could impede the proliferation of HeLa human cervical carcinoma cells. In addition, the results of the flow cytometry assay and nuclear DNA fragmentation assay indicated that GAD might induce cell cycle arrest at G 2 /M phase and trigger apoptosis in HeLa cells. Similarly previous studies (24 -26) also showed that G. lucidum extract could induce apoptosis in cancer cells. As to the cell cycle arrest, our results were consistent with the previous reports (Muller et al. (24) , Lu et al. (27) , Jiang et al. (25) , and Lin et al. (6) ) that the cell cycle was arrested at G 2 /M phase. However, Jiang et al. (28) and Yang (7) showed that there was a G 0 /G 1 phase arrest after G. lucidum treatment. One possible reason for the difference is 
FIG. 7.
Binding affinity of GAD to the GST-14-3-3 protein and GST protein (control) determined by SPR. Real time binding affinity measurements of GAD to the GST-14-3-3 protein (A) and the GST protein (B) using Biacore 3000 were carried out. Representative sensorgrams were obtained from injections of GAD at concentrations of 10, 7, 4.9, 3.43, 2.40, and 1.68 M (curves from top to bottom) over the immobilized GST-14-3-3 or GST (control) surface. The GAD was injected for 60 s, and dissociation was monitored for more than 120 s.
the use of different cell lines. For example, Jiang et al. (28) found that G. lucidum induced G 0 /G 1 phase arrest in MDA-MB-231 breast cancer cells but induced G 2 /M phase arrest in PC-3 prostate cancer cells (25) .
Mechanistically the cytotoxic effects of G. lucidum have been implicated in the (i) down-regulation of Akt/NF-B signaling and thus the expression of NF-B-regulated cyclin D1 (28), (ii) upregulation of expression of p21 and Bax (25, 26) , and (iii) suppression of protein kinase C and activation of mitogen-activated protein kinases (6) . However, the molecular mechanism in which G. lucidum, especially Ganoderma triterpenes, induces proliferation inhibition, apoptosis, and cell cycle arrest is still not clear. This study implemented the proteomics scheme to search globally for the differentially expressed proteins in HeLa cells affected by GAD, a purified Ganoderma triterpene.
In the present study, 21 proteins whose expressions were significantly changed under GAD treatment were identified. Among the 19 proteins with three-dimensional structures, eight of them were predicted by INVDOCK analysis to possess the ability of binding to GAD. The proteins identified in the proteomics study might include both direct targets and downstream regulated proteins. Proteins that can directly bind to GAD might be considered as possible direct targets of GAD. Among the eight proteins that were predicted by IN-VDOCK to be able to bind directly to GAD, the most interesting proteins were the six members of the 14-3-3 family, i.e. 14-3-3 /␦, 14-3-3 ␤/␣, 14-3-3 , 14-3-3 , 14-3-3 ␥, and 14-3-3 . The 14-3-3 protein family is a family of highly conserved dimeric phosphoserine-binding proteins. In mammals, there are nine homologous members including 14-3-3 ␤/␣, 14-3-3 ␥, 14-3-3 , 14-3-3 , 14-3-3 , 14-3-3 , and 14-3-3 /␦. The 14-3-3 ␣ and ␦ are the phosphorylated forms of 14-3-3 ␤ and , respectively. The binding affinity of GAD toward 14-3-3 was confirmed in the present study using SPR biosensor analysis. Interestingly the results of network construction also suggested the central role of 14-3-3 proteins in all proteins identified in the proteomics study. The results suggested that 14-3-3 proteins might play important roles in the cytotoxicity mechanism of GAD. The prediction that 14-3-3 proteins are possible direct targets of GAD also supports the previous study results (6, 25, 26, 28) about the cytotoxicity mechanism of G. lucidum. It is well known that 14-3-3 proteins are involved in many different cellular processes, including mitogenesis, cell cycle control, and apoptosis. Several models for how 14-3-3 proteins function have been recently proposed: 1) 14-3-3 proteins can modulate the biochemical activity of certain ligands like Raf-1, protein kinase C, and tryptophan hydroxylase; 2) 14-3-3 can affect the activity of ligands such as BAD, FKHRL1, and Cdc25 by altering their intracellular localization; and 3) 14-3-3 proteins might function as novel adapters or scaffold molecules (29 -31) . So by regulating 14-3-3 proteins, GAD might suppress protein kinase C (14-3-3 proteins were previously called "protein kinase C inhibitor protein 1"), consistent with the reported suppression of protein kinase C by G. lucidum (6) . And by regulating 14-3-3 proteins, GAD might adjust some apoptosisrelated proteins and some cell cycle-related proteins, consistent with the report of Hu et al. (26) and Jiang et al. (28) , respectively.
In the present study, GAD treatment also caused the regulation of 15 other proteins besides 14-3-3 proteins. Briefly based on their biological functions, these 15 proteins could be generally classified into one of the following four categories: 1) cell survival and proliferation, 2) cell death and protein degradation, 3) metabolism, and 4) cytoskeleton structure. Note that some proteins may have multiple functions and play roles in more than one pathway. Table IV. Proteins including eIF5A and spermidine synthase play important roles in cell growth and proliferation. eIF5A is a small (16 -18-kDa) abundant protein that is highly conserved in eukaryotes, and it is fundamental to cell survival and proliferation (32, 33) . Spermidine synthase, also known as putrescine aminopropyltransferase, is the enzyme responsible for the synthesis of spermidine. Protein eIF5A is the only known cellular protein that undergoes an unusual post-translational modification on a specific lysine residue to form hypusine. The unique hypusine modification in mammalian cells occurs by a two-step pathway that involves the attachment of an aminobutyl group from spermidine to the ⑀-amine group of lysine 50 followed by hydroxylation on carbon 2 of the butyl group to form hypusine. Thus, the essential nature of spermidine for hypusine modification of eIF5A is well established. And in addition to the indispensable role of spermidine for hypusine modification in eIF5A, polyamines are also required for optimal growth of mammalian cells (34) . Many studies have indicated that down-regulation or inhibition of hypusine synthesis impedes cancer cell growth, and eIF-5A can be considered as a target of anticancer strategies (35) (36) (37) . Thus, the decreased expression of eIF5A and spermidine synthase after GAD treatment may contribute to the cell growth inhibition induced by GAD in HeLa cells.
Proteins including annexin A5 and 26 S proteasome subunit p40.5 play important roles in cell death and protein degradation. Annexin A5 is a calcium-binding protein that belongs to the annexin family, a superfamily of ubiquitous proteins characterized by their calcium-dependent ability to bind to biological membranes. The involvement of annexins in several physiological processes, such as membrane trafficking, calcium signaling, cell motility, proliferation and differentiation, and apoptosis has been proposed. Importantly annexins have been implicated in the pathogenesis of benign and malignant neoplasms of different origins (38 -40) . As to annexin A5, its expression exhibits different regulation tendency in carcinoma development of different organs. For example, the loss of annexin A5 was identified as a marker for cutaneous squamous cell carcinoma (41) , whereas annexin A5 protein expression was augmented in growth hormone-secreting carcinoma (42) . Importantly the expression of annexin A5 was markedly suppressed in both cervical and endometrial carcinoma cells when compared with their normal counterparts (43) . Because the HeLa cell line used in the present study is a type of human cervical carcinoma cell line, the increased expression of annexin A5 in GAD-treated HeLa cells may contribute to growth inhibition induced by GAD. Similarly an increase of annexin A5 levels was also observed in butyrate-treated colon adenocarcinoma cell lines, whereas butyrate induced cell differentiation and growth arrest in these cells (44) . Note that GAD could directly bind to annexin A5 according to the INVDOCK analysis. The role of annexin A5 in the cytotoxicity of GAD deserves further study. 26 S proteasome subunit p40.5 is an important subunit of proteasomes, which are eukaryotic ring-shaped or cylindrical particles with multicatalytic protease activities. The increase of 26 S proteasome subunit p40.5 found in the present study may contribute to the possible protein degradation of HeLa cells induced by GAD treatment.
Proteins including ephrin receptor EphA7, thioredoxin-dependent peroxide reductase mitochondrial precursor, activator of heat shock 90-kDa protein ATPase homolog 1, ubiquinol-cytochrome c reductase core I protein, protein-disulfide isomerase, aminopeptidase B, and mitofilin are enzymes or regulators of enzymes that play important roles in cell metabolism. The regulation of these proteins by GAD might cause a change of metabolism in HeLa cells. Moreover some proteins were also involved in pathways like cell proliferation/cell death and play important roles in carcinogenesis. Ephrin receptor EphA7 (receptor protein-tyrosine kinase, EC 2.7.10.1) is a receptor for members of the ephrin-A family and can catalyze the reaction of "ATP ϩ a L-tyrosine in protein ϭ ADP ϩ a (48) . In GAD-treated HeLa cells, the expression of PDI was increased; this may contribute to sensitivity of HeLa cells to apoptosis. Aminopeptidase B (EC 3.4.11.6) is an exopeptidase that selectively removes arginine and/or lysine residues from the N terminus of several peptide substrates including Arg-Leu-enkephalin, Arg-Met-enkephalin, and Arg-Lys-somatostatin-14. Note that aminopeptidase B was predicted to be able to bind directly with GAD in the INVDOCK analysis of present study. And it was reported that the aminopeptidase B activity was decreased in human renal cell carcinoma samples compared with non-tumor tissues (49) . The increase of aminopeptidase B protein expression in GAD-treated HeLa cells may play an important role in the cytotoxicity of GAD. Mitofilin is a transmembrane protein of the inner mitochondrial membrane and may be involved in catabolic pathways (50, 51) . The contribution of mitofilin to the cytotoxicity of GAD is unknown. Proteins including microtubule-associated protein RP/EB family member 1, cytokeratin 19, cytokeratin 1, and calumenin are generally cytoskeleton-related proteins. And these proteins were also reported to participate in pathways such as cell cycle control and apoptosis. For example, the plus ends of microtubules are important binding sites for proteins that regulate microtubules. EB1 is one of the best characterized "plus end-binding proteins." Properly regulating the dynamic properties of microtubules is critical for ensuring the accurate segregation of chromosomes in mitosis. The function of EB1 as an "antipausing" factor is well conserved, and inhibition of EB1 in a number of systems results in nondynamic microtubules that spend the majority of time in a paused state (52) (53) (54) . Thus, it can be anticipated that the decrease of EB1 expression in GAD-treated HeLa cells will contribute to the cell cycle arrest induced by GAD. Cytokeratin 19 and cytokeratin 1 are intermediate filament proteins associated with the integrity of cell structure. According to previous reports, keratin expression may be related to carcinogenesis (55) . Interestingly in cervical cancer cells like HeLa cells, the functional role of cytokeratin 19 was shown to be associated with the apoptosis prevention and drug resistance of cells. Cytokeratin 19 expression was found to be higher in cervical carcinoma cell lines compared with control cell lines, and the elevation of the cytokeratin 19 level was associated with clinical cervical cancer staging. The reduction of the cytokeratin 19 level by specific antibody caused apoptosis in a cervical carcinoma HeLa cell line (56, 57) . So the decrease of cytokeratin 19 expression in GAD-treated HeLa cells may contribute to apoptosis induced by GAD. Calumenin is a multiple EF-hand Ca 2ϩ -binding protein located in endo/sarcoplasmic reticulum of mammalian tissues (58) . It was suggested in the previous reports to be related to the organization of cytoskeleton and carcinoma metastasis. The expression of calumenin was found to be decreased in carcinoma cell strains with higher metastasis potential (59, 60) . The increase of calumenin in GAD-treated HeLa cells may also play a role in the cytotoxicity of GAD.
To date, this study is the first to use a proteomics technique to search globally for the proteins influenced in cancer cells by a purified G. lucidum component. We found 21 proteins that might be target-related proteins of GAD. By using computerautomated analysis, we tried to predict the possible targets and network of GAD. Most interestingly, our results suggested the important role of 14-3-3 proteins in the cytotoxicity mechanism of GAD. The results of the present study shed light on the anticancer mechanism of G. lucidum from a molecular perspective. Furthermore we are continuing to find new triterpenes from G. lucidum (61) and other herbs. It is possible that we can obtain promising triterpenes for cancer therapy either by isolating them from herbs or by modifying the structure of natural triterpenes. Understanding of the cytotoxicity mechanism of GAD will be helpful to the study and the use of likely promising triterpenes. 
